Introduction {#sec1}
============

Triclocarban \[3-(4-chlorophenyl)-1-(3,4-dichlorophenyl)urea, TCC\] and triclosan \[5-chloro-2-(2,4-dichlorophenoxy)phenol, TCS\] ([Supporting Information (SI)](#notes-1){ref-type="notes"} Figure S1) have been used in a plethora of consumer products (including liquid and solid soaps, toothpaste, plastics, fabrics, and clothing apparel) for their broad-range antimicrobial properties for half a century.^[@ref1]^ As a result of their frequent and long-term elective use, TCC and TCS are now frequently found in human samples.^[@ref2]−[@ref5]^ Continuous discharge via sewage and incomplete degradation in wastewater treatment plants (WWTPs) contributes to these substances being ubiquitous in the environment and pervasive in animal tissues.^[@ref6]−[@ref13]^ TCS, TCC, and their transformation products are among the most frequently detected organic contaminants in environmental samples.^[@ref6],[@ref7],[@ref11],[@ref14]−[@ref16]^ Concerns with discharged TCC and TCS stem from the fact that both are precursors to known or presumed human carcinogens and toxicants (including chlorinated dibenzo-*p*-dioxins and chlorinated anilines)^[@ref17],[@ref18]^ in addition to the parent compounds eliciting a suite of adverse health effects, and potentially influencing natural microbial ecosystems and the emergence of antibiotic-resistant strains.^[@ref19]−[@ref30]^ TCC degrades via aerobic biodegradation and photolysis into toxic chlorinated anilines.^[@ref17],[@ref31],[@ref32]^ TCS degrades into a range of carcinogenic and toxic chlorophenols^[@ref33],[@ref34]^ as well as dioxin-like compounds (and possibly traces of the toxic 2,3,7,8-tetrachlorodibenzo-*p*-dioxin).^[@ref18],[@ref35],[@ref36]^ Due to the higher relative toxicity of chloroanilines, chlorophenols, and dioxins compared to TCC and TCS, more controlled and efficient removal is warranted of these chlorinated antimicrobials prior to their environmental discharge via effluent and biosolids (i.e., treated sewage sludge fit for application on land, in accordance with regulatory requirements of the U.S. Environmental Protection Agency (EPA), 40 CFR Part 503).

In typical conventional WWTPs, biodegradation of TCC is believed to be minimal,^[@ref16],[@ref37]^ whereas for TCS, up to 50% can be degraded into methyl-triclosan, \[MeTCS; 5-chloro-2-(2,4-dichlorophenoxy)anisole\], as well as other, unknown products via microbial activity and abiotic mechanisms.^[@ref8],[@ref38]^ Thus, a significant fraction of TCC and TCS (70--90% and 30--70%, respectively) will accumulate in sewage sludge with a lesser portion of the residual load being discharged via effluent.^[@ref8],[@ref11],[@ref37],[@ref38]^ After discharge into surface water, TCC and TCS will partition to sediments and/or bioaccumulate in wildlife and microbiota.^[@ref1],[@ref11],[@ref39]−[@ref41]^ While TCS can be partially degraded, TCC must likely first undergo reductive dechlorination prior to being available for biodegradation of the core carbanilide structure.^[@ref42]^ These sequential microbial reactions could potentially be leveraged as part of a biotechnological decontamination strategy in future upgrades of existing WWTP infrastructure, but presently the reactions in the respective removal pathways are minimally efficient and slow.

For TCC and its manufacturing byproduct, 3,3\',4,4\'-tetrachlorocarbanilide (3′Cl-TCC), these detoxification reactions are their sequential dechlorination via 4,4′-dichlorocarbanilide (DCC) and 1-(3-chlorophenyl)-3-phenylurea (MCC) into carbanilide (NCC) (reaction sequence 1),^[@ref1],[@ref43]^ averting their undesirable breakdown into toxic chloroanilines, including 3-chloroaniline (3-CA) and/or 3,4-dichloroaniline (reaction [2](#eq2){ref-type="disp-formula"}) (a list of acronyms and the chemical structures are provided in the [SI](#notes-1){ref-type="notes"}).^[@ref17],[@ref43]^ The former process is speculated to occur under anaerobic, reducing conditions^[@ref16]^ through the action of exclusively anaerobic dechlorinating microorganisms,^[@ref11]^ analogous to anaerobic reductive dechlorination of trichloroethene.^[@ref44]^ Previously, it has been shown that TCC dechlorination products can be detected in freshwater and brackish sediments downstream of effluent discharge sites,^[@ref1],[@ref11],[@ref45]^ but it remains unknown whether dechlorination occurs before and/or after environmental discharge. The phase-I human metabolites of TCC, 2′-OH-TCC and 3′-OH-TCC (reaction [3](#eq3){ref-type="disp-formula"}), have been described previously^[@ref46]^ and are expected to be discharged as phase-II metabolites after human use via black water into sewage. Presently, there is no evidence to suggest sources of 2′-OH-TCC and 3′-OH-TCC other than human metabolism (i.e., environmental sources).

For TCS, the detoxification mechanisms are the microbial degradation into unknown products and the reversible methylation of the free hydroxyl-moiety, both of which occur under aerobic conditions (reaction [4](#eq4){ref-type="disp-formula"}).^[@ref43],[@ref47]−[@ref51]^ Even though MeTCS retains some toxicity for microbial activity,^[@ref52]^ the methylation of TCS will mitigate microbial growth inhibition and avert ultraviolet light-driven dioxin formation.^[@ref52]−[@ref54]^ MeTCS is also more persistent than its parent compound and is more prone to bioaccumulate in fish;^[@ref55]^a more detailed (eco)toxicological evaluation of MeTCS is therefore warranted.Even though TCC and TCS transformation mechanisms have been described previously and attributed to different stages of WWTPs, little to no research has been performed relating to their geographical distribution, significance at different sites, and stability over time. In addition, there are no reports on the abundance and prevalence of human metabolites of TCC and TCS in WWTPs. Therefore, we aimed to determine via analysis of raw and treated sewage sludge whether TCC and TCS transformation (i) occurs in sewage systems and WWTPs across the United States and is consistent within a WWTP over a 12 month period; (ii) takes place during anaerobic digestion (AD) and heat treatment or drying of the treated sewage sludge; and (iii) is dependent on factors such as environment, geography, climate, sewage-delivery system or WWTP configuration. The extent of TCC and TCS transformation via dechlorination and methylation, respectively, was determined by quantifying their transformation products in untreated sewage sludge and biosolids samples from across the United States. This approach was conceived as an alternative and stepping stone to challenging and time-consuming mass balance studies. In addition, we aimed to inform on promising sampling locations for the future enrichment or isolation of the presently unknown microbial strains performing the transformation of TCC and TCS.^[@ref42]^

Experimental Section {#sec2}
====================

Standards and Reagents {#sec2.1}
----------------------

All standards and reagents were purchased in the highest purity available. Native solid standards for TCC (99%), TCS (\>97%), 1-(3-chlorophenyl)-3-phenylurea (MCC), carbanilide (NCC, 98%), and 3-CA (99%) were purchased from Aldrich (Sigma-Aldrich, St. Louis, MO). 4,4′-Dichlorocarbanilide (DCC) was obtained from Oakwood Products Inc. (West Columbia, SC). Unlabeled MeTCS (99%) and the isotopically labeled ^13^C~12~-MeTCS (99%) were purchased from Cambridge Isotope Laboratories (Tewksbury, MA). ^13^C~13~-TCC (\>99%) and ^13^C~12~-TCS (\>99%) were obtained from Wellington Laboratories Inc. (Guelph, Ontario, Canada). Oxidative metabolites of TCC were provided by Dr. Bruce Hammock (University of California, Davis) and were manufactured as previously described.^[@ref46]^ Their purity was verified by LC-MS/MS upon arrival in the laboratory. The chemical structures of the 10 analytes of interest are presented in [SI](#notes-1){ref-type="notes"} Figure S1. LC-MS-grade (99%) methanol, water, and acetic acid were obtained from Fluka and LC-MS-grade acetone was obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO). Individual stock solutions of the native and isotopically labeled compounds were prepared in methanol. All stock solutions were stored in glass vials with polytetrafluoroethylene septa at −20 °C. All glassware was washed with detergent, rinsed three times with ultrapure water, and subsequently baked at 550 °C for 4 h.

Sewage Sludge and Biosolids Samples {#sec2.2}
-----------------------------------

Most sewage sludge and biosolids samples were collected between March and June, 2009 ([SI](#notes-1){ref-type="notes"} Table S1). The exceptions included biosolids (B16-1) where longer time series of samples were collected beginning in March or May, 2009, extending through the end of 2009 to early 2010. For site no. 16, both time-course data and averaged data are presented. Biosolids were collected at 14 sludge processing facilities located in nine states (AZ, IA, FL, MD, MT, NY, TX, WI, and VT), with an additional commercially available product from another plant (B16-2) purchased at a nationwide retail store. Untreated sewage sludge samples were obtained from 3 WWTPs, at two of which (nos. 15 and 16) biosolids were also collected following anaerobic digestion. Sampled WWTPs treated a broad range of wastewater flows (\<0.25 to \>25 million liters of wastewater per day) and employed different biosolids treatment practices.^[@ref56]^ Most of the biosolids analyzed were designated as Class B biosolids, many of which have been treated with anaerobic digestion ([SI](#notes-1){ref-type="notes"} Table S1). We relied on cooperation with WWTPs and U.S. Geological Survey employees to provide the samples studied, which were provided based on condition of nondisclosure of their source. Basic information about the WWTP operations is provided in [SI](#notes-1){ref-type="notes"} Table S1. At WWTPs 6, 14, and 16, two types of biosolids products were analyzed; a Class B biosolids produced by anaerobic digestion, as well as a Class A biosolids where further treatment involved either high temperature stabilization, or extended storage, and composting. At one site (no. 6), the digested sludge was dewatered after anaerobic digestion. Biosolids from three WWTPs (nos. 7, 8, and 14) and sewage sludge from one WWTP (no. 16) were resampled at least a second time, more than a month apart; for these sites averaged data are presented. The samples were collected as discrete units, then frozen after sampling, thawed, subsampled, shipped to Arizona State University as frozen samples on dry ice in glass jars with polytetrafluoroethylene septa, stored at −80 °C, and homogenized prior to extraction.

Sample Processing and Analysis {#sec2.3}
------------------------------

The detailed procedures for sample extraction, sample analysis using LC-MS/MS and GC-MS/MS, data processing, and quality assurance and quality control are available in [SI](#notes-1){ref-type="notes"}. Briefly, triplicate samples of wet sewage sludge samples (approximately 0.5 g) were dried, and extracted with an acidified methanol/acetone solution by sonication. The organic extract was evaporated to dryness, reconstituted, and filtered prior to analysis. All concentrations provided here are on a dry weight basis. All analytes were determined using LC-MS/MS, with the exception of MeTCS, which was quantified using GC-MS/MS.

Results {#sec3}
=======

Time-Series Analysis of Contaminant Levels {#sec3.1}
------------------------------------------

The aim of the study was first to determine whether the contaminants occurred in biosolids, and second whether their levels in biosolids grab samples from a single site were consistent during a 12-month period. To achieve these aims, the 10 analytes of interest ([SI](#notes-1){ref-type="notes"} Figure S1) were monitored for one year using 23 biosolids samples from a single WWTP (no. 16). NCC and 3-CA were not detected in any sample, which left eight principal analytes of interest for this study. As expected for contaminants from a common source, the concentration changes were minimal and rarely differed significantly (α = 0.01) for the parent compounds, human metabolites, and manufacturing byproducts (i.e., TCC, 2′-OH-TCC, 3′-OH-TCC, 3′-Cl-TCC, and TCS) over the course of a year as determined using a moving window analysis ([SI](#notes-1){ref-type="notes"} Table S6). The percent change per time window (*n* = 22) (typically a two-week period) ranged from 1 to 16% (mean ± standard deviation \[*x̅*\] = 7 ± 5%) for TCC, 1--39% (*x̅* = 12 ± 11%) for 2′--OH-TCC, 1--132% (*x̅* = 31 ± 31%) for 3′--OH-TCC, 1--39% (*x̅* = 13 ± 12%) for 3′-Cl-TCC, and 0.4--26% (*x̅* = 7 ± 7%) for TCS (Figure [1](#fig1){ref-type="fig"}), where the ranges and averages were calculated using absolute values of the concentration differences. Conversely, the changes in concentration over different sampling events were typically much more pronounced for the transformation products DCC, MCC, and MeTCS with changes ranging between 4 and 53% (*x̅* = 23 ± 14%), 12--180% (*x̅* = 54 ± 37%), and 1--800% (*x̅* = 76 ± 172%), respectively (Figure [1](#fig1){ref-type="fig"}). The maximum percent change occurred in the same time interval for TCC, 2′-OH-TCC, 3′-OH-TCC, and 3′-Cl-TCC (window 13) and in different windows for DCC, MCC, and MeTCS (windows 19, 8, and 13, respectively). These findings suggest that the levels of transformation products (generated via dechlorination and methylation) in biosolids was more variable compared to the parent compounds (TCC and TCS), the manufacturing byproduct (3′-Cl-TCC), and the human metabolites (2′-OH-TCC and 3′-OH-TCC), presumably due to fluctuations in environmental factors (e.g., season, operational parameters, and microbial communities). We hypothesized that if indeed transformation is dependent on location-specific environmental factors (e.g., climate/season, population or urban characteristics, sewage system and WWTP design, operational parameters, and microbial communities), then significant differences in removal should be observable in biosolids from different WWTPs across the U.S.

![Concentrations of TCC, and its microbial (DCC and MCC) and human metabolites (2′-OH-TCC and 3′-OH-TCC), and manufacturing byproducts (DCC and 3′-Cl-TCC), along with those for TCS and the microbial metabolite MeTCS in biosolids samples from one WWTP (no. 16) sampled during 2009--2010. The error bars represent standard deviations of triplicate extractions calculated from averages of duplicate injections per sample.](es-2014-006362_0002){#fig1}

Contaminant Concentrations Across the U.S {#sec3.2}
-----------------------------------------

To assess whether the transformation of TCC and TCS is site-dependent, sewage sludge and biosolids samples from 14 different WWTPs from across the United States were screened for TCS, TCC, their transformation products, human metabolites, and manufacturing byproducts. Figure [2](#fig2){ref-type="fig"} summarizes the distribution of average biosolids concentrations from these 14 different WWTPs. Data for 3′-OH-TCC is not shown because this chemical was detected only very rarely (at two sites only). When investigating for transformation of TCC and TCS, mass spectrometric analysis revealed that there were significant differences (α = 0.05) in the extent of dechlorination of TCC and methylation of TCS between samples from different WWTPs. The measure chosen to assess removal of TCC was the DCC/TCC ratio. Technical-grade TCC (\>99%), which is commonly used in commercial applications, has a DCC-to-TCC ratio of about 0.002.^[@ref45]^ Under the assumption that TCC dechlorination rates are slow during wastewater treatment, an increase in the DCC/TCC ratio from the 0.002 base value may be indicative of (incomplete) removal of TCC. We found that the DCC/TCC ratio in biosolids increased significantly at most locations, varying from about 0.001 ± 0.000 to 0.901 ± 0.013 in the WWTP samples (Figure [3](#fig3){ref-type="fig"}), suggesting that the initiation of TCC dechlorination was widespread. Yet, because NCC was never detected, it remains unclear whether TCC dechlorination was indeed slow and incomplete (with no NCC formation), or whether NCC was readily degraded and thus complete dechlorination of TCC may have occurred during wastewater treatment. The samples were also screened for 3-CA, an abiotic transformation product of TCC, DCC, and MCC but that compound was not detected; lack of detection could be due to absence of 3-CA in the sample or lack of partitioning into sludge used for analysis. The TCC transformation efficiency was found to be unrelated to that of TCS, since no relationship was found between the observed DCC/TCC and MeTCS/TCS ratios (Figure [3](#fig3){ref-type="fig"}); the latter being the measure chosen to assess transformation of TCS. In fact, one of the WWTPs where no DCC was detected (B9) had one of the highest MeTCS/TCS ratios (0.215 ± 0.020). Determination of less chlorinated triclosan derivatives was not performed because of the absence of commercially available authentic standards for identification and quantification.

![Box-and-whisker plot of the contaminant concentrations in biosolids from 14 locations from nine states across the United States (this study) respective to the TCC and TCS levels measured previously (i.e., shaded boxplots) in biosolids sampled during the 2001 U.S. EPA National Sewage Sludge Survey ("TCC('01)" and "TCS('01)").^[@ref59]^](es-2014-006362_0003){#fig2}

![Generation of transformation products of TCC and TCS during sludge treatment presented as average mass ratios of DCC/TCC (A) and MeTCS/TCS (B) in aerobic sludge (white bar), digested sludge (dark bars), and digested sludge with additional treatment (gray bars) from 14 different WWTPs across the United States. The DCC/TCC ratios in sludge are compared to those in technical-grade TCC (\>99%)(orange line = 0.002) and the range of ratios detected during a statewide survey of freshwater sediments (green box^[@ref11]^). For two WWTPs, no DCC was detected (red asterisk). The blue box in panel B indicates the 0.01--0.05 MeTCS range typically observed in various freshwater environments.^[@ref49],[@ref50],[@ref53],[@ref62]^ The WWTP is provided between parentheses (B\# or S\#). A: aging; AeD: aerobic digestion; Aer Sl: aerobic sludge; AD: anaerobic digestion; C: composting, D: drying; DW: dewatering; S: storing.](es-2014-006362_0004){#fig3}

Removal by Different Processes {#sec3.3}
------------------------------

Whereas TCS methylation is commonly observed in aerobic environments,^[@ref47]^ dechlorination of TCC, if occurring, is likely located in an oxygen-limiting milieu, assuming the process and microbial ecology are similar to the reductive dechlorination of trichloroethene. Hence, the anaerobic digester is a likely environment for dechlorination to occur in a conventional WWTP, due to the redox conditions required for biogas production. For this reason, contaminant levels were determined in sludge sampled before and after anaerobic digestion from two sites with medium DCC/TCC ratios (nos. 15 and 16). However, data from these two plants revealed that anaerobic digestion of the sludge resulted in a significant accumulation of TCC, TCS, and their transformation products (α = 0.01 and α = 0.05) (Figure [4](#fig4){ref-type="fig"}). These findings suggested that these parent compounds are more persistent relative to the organic matter that is to be gasified and mineralized during the digestion process. In a third WWTP (no. 6), anaerobic digested sludge was dewatered; yet, the dewatering process resulted in only minor removal for TCC and 3-Cl′-TCC, while no significant changes were observed for the other carbanilides (Figure [4](#fig4){ref-type="fig"}C). In a fourth WWTP (no. 14) with a high DCC/TCC ratio (Figure [3](#fig3){ref-type="fig"}), significant removal was observed for nearly all carbanilides (Figure [4](#fig4){ref-type="fig"}D; α = 0.01) after heat treating the digested sludge. Comparison of the occurrences of the transformation products before and after the treatment, indicated good removal for MCC (85%) compared to 49% for TCC. Conversely, the manufacturing byproduct 3′-Cl-TCC was not removed nor did it accumulate significantly after heat treatment of the digested sludge at plant no. 14 (Figure [4](#fig4){ref-type="fig"}D). Overall, treatment of the sludge resulted in an increase in the DCC/TCC ratio for the WWTP. The observed increases were for heat drying of AD sludge: from 0.28 to 0.45 (*p* \< 0.01; α = 0.01), dewatering of AD sludge: from 0.10 to 0.12 (*p* = 0.208; α = 0.01), and AD of untreated sludge at two plants: from 0.01 to 0.04 (*p* \< 0.01; α = 0.01) and from 0.010 to 0.014 (*p* \< 0.01; α = 0.01).

![Effect of different conventional sludge treatment processes on the concentrations of TCC, its microbial and human metabolites, and production byproducts along with those for TCS and MeTCS in sewage sludge and biosolids from selected WWTPs. \#: number of sampled WWTP. \*: *p* \< 0.01; \*\*: *p* \< 0.05.](es-2014-006362_0005){#fig4}

Sewage sludge and biosolids at the same four WWTPs were also screened for removal of TCS and MeTCS (Figure [4](#fig4){ref-type="fig"}). Whereas TCS was not significantly affected by either dewatering or heat treatment (α = 0.05; *p* \> 0.05), TCS accumulated significantly during the digestion process (α = 0.01). Conversely, MeTCS was significantly removed with all treatment processes (α = 0.05) (Figure [4](#fig4){ref-type="fig"}) potentially suggesting either MeTCS transformation or its reversion back to TCS through hitherto unknown mechanisms. The MeTCS removal efficiencies calculated from averaged data were 58%, 37%, 74%, and 71%, during biosolids heat drying, biosolids dewatering, or AD of untreated sludge in the latter two cases, respectively.

Confirmation of Anticipated Relationships {#sec3.4}
-----------------------------------------

To confirm anticipated relations between certain co-contaminants, correlation analyses were performed using the average concentrations from individual WWTPs (Figure [5](#fig5){ref-type="fig"}). Hence, a strong relation (Pearson's *r* = 0.84) was found between free TCC and 2′--OH-TCC (Figure [5](#fig5){ref-type="fig"}A), which are both assumed to originate from sewage. To determine whether TCC dechlorination is driven by the amount of TCC present at the sampling location, we examined the data for a correlation between the concentrations of TCC and DCC. However, no significant correlation was found (Pearson's *r* = 0.02) (Figure [5](#fig5){ref-type="fig"}B), suggesting factors other than TCC concentration as potential determinants, such as microbial community composition, which was not examined in this work. Still, a strong relation between the DCC and MCC levels was revealed (Pearson's *r* = 0.99) (Figure [5](#fig5){ref-type="fig"}C), suggesting that if TCC dechlorination is initiated during standard wastewater treatment, the second step in the dechlorination of TCC will occur concomitantly, with the formation of MCC likely not being rate limiting. Thus, other factors (such as microbial community composition or redox conditions) likely are at play in the initiation of TCC dechlorination. Finally, a correlation analysis of TCS and MeTCS was performed to determine whether the levels of TCS in biosolids were a predictor of the extent of TCS methylation to MeTCS during standard wastewater treatment. Levels of TCS in biosolids did not represent an adequate predictor for the methylation of TCS (Pearson's *r* = 0.01) (Figure [5](#fig5){ref-type="fig"}D), a finding that is consistent with previous reports.^[@ref47]^ Statistical analysis of environmental, geographical, climatic factors, sewage-delivery system or WWTP configuration with plant performance could not be performed, as release of such information might provide identifying information.

![Relation between co-contaminants from a common source (A), and parent compound and transformation product (B, C, and D) as plotted through their concentrations in sewage sludge from different WWTPs. Each data point represents the average of triplicate measurements of the analyte concentration in one sewage sludge sample from a WWTP. All data presented in μg/g dry weight.](es-2014-006362_0006){#fig5}

Discussion {#sec4}
==========

Antimicrobial Release {#sec4.1}
---------------------

TCC and TCS have been documented to be ubiquitous contaminants in freshwater environments.^[@ref11]−[@ref13],[@ref15],[@ref45],[@ref48],[@ref50],[@ref53],[@ref57],[@ref58]^ In previous studies, TCC and TCS were found to be the most abundant pharmaceuticals and personal care products (PPCPs)^[@ref16]^ in archived biosolids samples from 2001^[@ref58]^ with median concentrations (*n* = 5) of 29 and 13 μg/g, respectively.^[@ref59]^ Here, TCC and TCS were found with median concentration (*n* = 14) of 17 and 21 μg/g, respectively. The differences between both studies (*p* \< 0.05 and *p* = 0.18 for TCC and TCS, respectively; α = 0.05) likely stem from a different geographic coverage, sampling dates, usage patterns, plant design and performance, etc. (Figure [2](#fig2){ref-type="fig"}). The typical 2:1 TCC/TCS ratio^[@ref37],[@ref38]^ was not observed in the present study of 14 WWTPs from nine states as the TCC levels exceeded those of TCS in only 5 of the 14 WWTPs, possibly due to differences between sampling locations, as well as changes in the relative use of both chemicals over the past decade.

Contaminant Ratios in Biosolids as a Measure for Removal Efficiency {#sec4.2}
-------------------------------------------------------------------

Our findings show for the first time that TCC dechlorination does not occur exclusively in freshwater and brackish sediments,^[@ref1],[@ref11]^ but also in the sewage delivery system, the WWTP, and/or other sewage sludge treatment facilities. The sampling sites were organized in three groups: low, medium, and high (Figure [3](#fig3){ref-type="fig"}) depending on whether their DCC/TCC ratios fell below, within, or above the range of ratios previously detected in freshwater sediments.^[@ref11]^ In two biosolids samples, DCC was not detected and no DCC/TCC ratio could be determined. As a result, these two WWTPs could not be classified (Figure [3](#fig3){ref-type="fig"}) since this phenomenon could be indicative of either efficient or inhibited transformation. A similar analysis was performed for TCS transformation using the MeTCS/TCS ratios at all sites (Figure [3](#fig3){ref-type="fig"}) and showed no substantial overlap between TCC and TCS transformation efficiencies. Even though our approach was useful for generating a holistic assessment for removal of hydrophobic contaminants in the sewage system and WWTPs, it only partly provided information on what treatment stages contributed to their transformation.

TCC Transformation {#sec4.3}
------------------

Di- to nonchlorinated carbanilides (i.e., DCC, MCC, and NCC) have been observed previously in WWTPs as well as in bed sediments,^[@ref1],[@ref11],[@ref45]^ where, substantial deviations of the DCC/TCC ratios from the expected 0.2 wt % in the estuary samples first suggested reductive dechlorination of TCC.^[@ref1]^ Indeed, a highly efficient anaerobic reductive dechlorinating culture^[@ref60]^ was obtained from brackish sediment with elevated DCC/TCC ratios (of up to 5.000 or 5:1).^[@ref1]^ Whereas the latter study^[@ref1]^ suggested TCC dechlorination in estuarine environments was highly dependent on the local milieu and microbial community, a recent study^[@ref11]^ documented less-chlorinated congeners of TCC to be ubiquitous in WWTP-impacted freshwater sediments. It remained unclear, however, whether TCC dechlorination was limited to the sediment environment or whether the WWTPs also contribute to the mitigation of TCC contamination through its dechlorination. The present study is the first to document that TCC dechlorination can, in fact, occur significantly in the sewage system and/or WWTPs but the efficiency of the process is seemingly dependent on various WWTP-specific and geographic/climatic factors (Figure [3](#fig3){ref-type="fig"}A). Our data also document that if the first TCC dechlorination step (from TCC to DCC) occurs, the second step (from DCC to MCC) takes place equivalently (Figure [5](#fig5){ref-type="fig"}C). In addition, the DCC/TCC ratios observed here were in the same range and even exceeded those previously observed in sediments (Figure [3](#fig3){ref-type="fig"}A), where contact times between the microorganisms and contaminants were inherently much longer.^[@ref1],[@ref11]^ Assuming all lesser chlorinated carbanilides originated from TCC, the extent of TCC transformation could be estimated by calculating 1 minus the ratio of the molar concentration of TCC to the summed molar concentrations of all carbanilide congeners for the sample. Hence, we found removal efficiencies of 1.2 ± 0.01% and 1.0 ± 0.2% in the undigested sludge and 1.6 ± 0.1% and 3.2 ± 0.1% in the biosolids from two ADs (nos. 15 and 16) with medium DCC/TCC ratios ([SI](#notes-1){ref-type="notes"} Table S7). More substantial removal was observed for ADs in the two WWTPs with high and medium DCC/TCC ratios (nos. 14 and 16), where in digested sludge transformation efficiencies of 29.8 ± 3% and 10.3 ± 0.2% were observed, respectively. At those sites, subsequent treatment of digested sludge with heat treatment and sludge dewatering resulted in total removal efficiencies of 35.0 ± 1.5% and 11.6 ± 0.6%, respectively. Overall, the total TCC transformation efficiencies reported here were in the same range as those reported previously for ADs in Japan.^[@ref16]^

Comparing the removal efficiencies before and after digestion for multiple WWTPs documented that dechlorination was limited in the AD, and that transformation was highly dependent on the WWTP (2% versus 30% removal) and its specific processes (additional 5% removal due to heat treatment). By comparison, previous research determined transformation efficiencies between 40 and 94% for deep brackish sediment.^[@ref1]^ The removal efficiencies in sediment were presumably elevated due to the extended contact time between microbiota and contaminants that allow for relatively higher abundances of the less-chlorinated carbanilides, MCC and NCC, compared to those observed in samples from the ADs (although elevated NCC levels in sediments may be the result of industrial non-TCC related sources). A previous lab-based soil study reported dechlorination of TCC to NCC, without detecting the intermediate products DCC or MCC.^[@ref43]^ This would suggest that the first dechlorination step (from TCC to DCC) may be the rate limiting one, which is consistent with our correlation analyses in Figure [5](#fig5){ref-type="fig"}. The same soil study also reported the detection of the hydrolysis products of TCC, mono- and dichloroaniline, during simulated biosolids amendments.^[@ref43]^ Yet, 3-CA was not detected in the sewage sludge or biosolids samples of the present study, likely due to its known aqueous mobility and its rapid biodegradation.^[@ref43]^

TCS Transformation {#sec4.4}
------------------

Mass-balance studies document that TCS degrades to a significant extent in the wastewater infrastructure and freshwater environment via biodegradation and photolysis, respectively.^[@ref53],[@ref61]^ Yet, the formation of MeTCS via biological methylation in different WWTP stages^[@ref8],[@ref48],[@ref49],[@ref62]^ apparently limits the extent of total TCS removal because the transformation product is much more resistant to photolysis.^[@ref48],[@ref53]^ MeTCS is also more lipophilic, persistent, and bioaccumulative relative to TCS, and hence, the environmental behavior and fate of the two compounds is vastly different.^[@ref48],[@ref53]^ While aqueous TCS is readily degraded in the environment, the relative fraction of MeTCS increases, gradually peaking during summer and nearly equaling the residual TCS concentration in the top layers of surface water.^[@ref53]^ Despite the slow reversion back to the parent compound in fish liver and intestine, MeTCS will bioaccumulate upon chronic exposure^[@ref55]^ posing a potential health threat to humans as a result of fish consumption. MeTCS is typically found in much lower concentrations than those of TCS with MeTCS/TCS ratios between about 0.01 and 0.05 for effluent, surface water, sludge, and sediment.^[@ref49],[@ref50],[@ref53],[@ref62]^ The data in this study, however, documented that the MeTCS/TCS ratio can largely exceed the previously observed thresholds reported for effluent, surface water, sludge, and sediment as it attained 0.30 in commercial compost (B16-2) and 1.21 in aerobically digested biosolids (B5) (Figure [3](#fig3){ref-type="fig"}). Taken together, this study and previous work show that the MeTCS fraction can become substantial in environments where TCS is readily degraded relative to MeTCS (such as at the air--liquid interface of lakes) as well as in aerobic environments with high microbial activity (such as aerobic composters). This transformation of TCS into MeTCS will ultimately increase the environmental persistence of triclosan because the methylation increases the bioaccumulation potential and limits the biodegradation of the total of TCS congeners (i.e., the sum of MeTCS and TCS).

Some environments exhibit a moderately efficient transformation of TCS into MeTCS as well as other unknown transformation products, even without deliberate attempts to optimize these processes. Future research needs to focus on providing a more comprehensive (eco)toxicological evaluation of the transformation products of TCS (including MeTCS), such that efforts may be made to allow for a well-designed, sustainable removal of TCS prior to the release of treated wastewater. Ultimately, the favored strategy for mitigating environmental contamination by TCS will depend on the cost of the process, the relative rates of transformation into their respective transformation products, the relative masses of the transformation products, and the corresponding relative toxicity of the mixture. Such an analysis needs to be holistic, and take into account the environmental fate of the contaminants, their toxicity as well as that of their transformation products, and their persistence.

Even though MeTCS was not enriched in the different treatment stages of a conventional WWTP,^[@ref8],[@ref62]^ another study showed MeTCS increased during the first 120 h in aerobic sludge cultures.^[@ref47]^ Taken together, these findings suggest MeTCS generation likely occurs upstream of the WWTP in the sewage delivery system, which would make the process of methylating triclosan difficult to control. In this study, MeTCS concentrations were found to decrease during different processes (AD, dewatering, and heat treatment) (Figure [4](#fig4){ref-type="fig"}). The decrease of MeTCS concentration after sludge treatment processes coincided with a slight, but significant increase in the TCS concentrations in both digesters ([SI](#notes-1){ref-type="notes"} Table S7). We emphasize, however, that there was no indication that MeTCS was converted back to TCS, albeit a possibility, and that the removal efficiencies presented here are expected to have slight changes over time (Figure [1](#fig1){ref-type="fig"}). Whereas a significant relation was previously identified between both the rate constants and the final MeTCS concentration with TCS concentration in aerobic experiments,^[@ref47]^ no such relation was found for the ADs here (Figure [5](#fig5){ref-type="fig"}D). Finally, our data are consistent with previous research,^[@ref47],[@ref62]^ since no TCS removal was found to occur in the AD.

Human Metabolism and Excretion {#sec4.5}
------------------------------

The strong relation (Pearson's *r* = 0.84) found between TCC and its human metabolite (Figure [5](#fig5){ref-type="fig"}A) was expected, since free TCC and 2′-OH-TCC are assumed to have the same source, that is., both originating from human use of antimicrobial products. Further, the present study was consistent with previous research on TCC metabolites in human urine,^[@ref46]^ in that the same oxidative TCC metabolites (2′-OH-TCC and 3′-OH-TCC) were found. In the present work, the ratios of 2′-OH-TCC/TCC ranged from 0.008 to 0.045 (*x̅* = 0.020 ± 0.010) compared to approximately 0.50--1.10 from human excretion via urine after conjugate hydrolysis.^[@ref46]^ The reason for this shift can presumably be attributed to dilution of black water containing excreted TCC metabolites with elevated volumes of discharged greywater containing predominantly unmetabolized TCC. The biosolids samples were found to seldom contain detectable concentrations of 3′-OH-TCC, which is consistent with a previous study reporting its detection in human urine is rare.^[@ref46]^ Yet, it is currently unknown whether these hydroxylated metabolites are solely low-abundance human metabolites or whether they in part constitute environmental transformation products.

Adsorption of TCC and TCS to sludge will substantially decrease the aqueous concentrations of these antimicrobials and thus, strike a balance between (1) permitting biotransformation by serving as a constant source of growth substrate^[@ref1],[@ref42]^ and (2) reducing microbial toxicity to subinhibitory levels.^[@ref26],[@ref27],[@ref52]^ Yet, large differences in TCC and TCS transformation at the various WWTPs were found to be independent of their concentrations in sludge and were hypothesized to be due to different microbial communities and the site-specific processes and fluctuations. Future research will need to (i) identify the best combination of variables at WWTPs to optimize methylation and dechlorination, (ii) determine whether transformation to MeTCS or TCS is preferable for mitigating human health hazards by comparing the rate of toxicant formation in both scenarios, (*iii*) and study the processes that lead to highly variable transformation rates during sewage delivery and treatment.

A detailed description of the extraction procedure is provided in Supporting Information. The chemical structures of all analytes of interest are presented in Figure S1. Detailed information about the WWTPs and samples is provided in Table S1, on the analytical methods in Tables S2--S5, on the long-term monitoring and transformation of chlorinated antimicrobials in Tables S6 and S7, respectively. This material is available free of charge via the Internet at <http://pubs.acs.org/>.
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